Ribulosebisphosphate carboxylase/oxygenase activase is a recently discovered enzyme that catalyzes the activation of ribulose-1,5-bisphosphate carboxylase/oxygenase ["rubisco"; ribulose-bisphosphate carboxylase; 3-phospho-Dglycerate carboxy-lyase (dimerizing), EC 4.1.1.39] in vivo. Clones of rubisco activase cDNA were isolated immunologically from spinach (Spinacea oleracea L.) and Arabidopsis thaliana libraries. Sequence analysis of the spinach and Arabidopsis cDNAs identified consensus nucleotide binding sites, consistent with an ATP requirement for rubisco activase activity. A derived amino acid sequence common to chloroplast transit peptides was also identified. After synthesis of rubisco activase in vitro, the transit peptide was cleaved and the protein was transported into isolated chloroplasts. Analysis of spinach and Arabidopsis nuclear DNA by hybridization indicated a single rubisco activase gene in each species. Leaves of spinach and Arabidopsis wild type contained a single 1.9-kilobase rubisco activase mRNA. In an Arabidopsis mutant lacking rubisco activase protein, mRNA species of 1.7 and 2.1 kilobases were observed under conditions of high-stringency hybridization with a wild-type cDNA probe. This observation indicates that the lesion in the mutant arises from an error in mRNA processing.
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Ribulose-1,5-bisphosphate carboxylase/oxygenase ["rubisco"; ribulose-bisphosphate carboxylase; 3-phospho-Dglycerate carboxy-lyase (dimerizing), EC 4.1.1.39], the initial enzyme in photosynthetic carbon dioxide reduction and photorespiratory carbon oxidation, must be converted to an activated state for catalytic competency (1) . The activation process in vivo had been considered to occur by the spontaneous addition of CO2 and Mg2+ to a lysine residue of the enzyme (1, 2), but it was recently shown that activation in vivo is catalyzed by a soluble chloroplast protein (3, 4) . First evidence that rubisco activation in vivo is not a spontaneous process came from the isolation of an Arabidopsis thaliana nuclear gene mutant (rca) deficient in the ability to activate rubisco (5) . Subsequently, it was demonstrated that activation could be restored in reconstituted mutant chloroplasts by adding chloroplast extracts from spinach or Arabidopsis wild type (3, 4) . The protein that restored activation, rubisco activase, has been purified and found to occur in all higher plant species examined (6) .
Little is known about the reaction mechanism of rubisco activase other than requirements for ribulosebisphosphate (4) and ATP (7) . Likewise, there is little information on the nature of the lesion in the Arabidopsis rubisco activation mutant except that the pattern of inheritance is Mendelian (3, 5) , indicating that the protein is nuclear encoded. In the experiments reported here, we have isolated cDNA clones to determine the primary structure of the rubisco activase gene, expressed the cDNAs in Escherichia coli, and used the clones as hybridization probes to 
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Biochemicals), dissolved in sterile water, and stored at -80'C. RNA was fractionated in agarose-formaldehyde gels (11) and transferred to nitrocellulose (12) . Blotted and baked filters were rehydrated (12) and prehybridized in 0.675 M NaCl/50 mM NaHPO4/Na2HPO4/5 mM Na2EDTA, pH mM NaCl, and precipitated with ethanol. EcoRI sites on the cDNAs were protected by methylation with 10 units of EcoRI methylase (New England Biolabs) and 0.4 mM Sadenosylmethionine in 10 Al. After phenol/chloroform extraction and ethanol precipitation from 200 mM NaCl, EcoRI linkers were ligated onto the cDNAs. After cleavage with EcoRI, excess linkers were removed by gel filtration on a column of Bio-Gel A1.5m. The cDNAs were then cloned into the EcoRI site of Agtll (14) and packaged in vitro according to the manufacturer's directions (Promega Biotec, Madison, WI) to yield 106 recombinant phage per ug of mRNA. The cDNA libraries were screened with mouse anti-rubisco activase, and immune complexes were detected with an alkaline phosphatase-conjugated secondary antibody.
In Vitro Translation and Immune Precipitation. For detection of rubisco activase mRNAs, aliquots of poly(A)+ mRNA were translated in vitro in a wheat germ cell-free system (15) using labeled [35S]methionine (>600 Ci/mmol; 1 Ci = 37 GBq). Immune complexes were precipitated from translation mixtures using Protein A-Sepharose (16). Immunoprecipitated polypeptides were analyzed by NaDodSO4/ PAGE and fluorography.
Transport into Chloroplasts. A 1.9-kilobase (kb) cDNA coding for the entire rubisco activase polypeptide was subcloned into plasmid pTZ18U at the EcoRI site. The plasmid was linearized downstream of the rubisco activase coding region with BamHI and then added to a reaction mixture containing T7 RNA polymerase and NTPs to produce large amounts of rubisco activase mRNA. Transcription was terminated by phenol/chloroform extraction and the mRNA was recovered by ethanol precipitation. Wheat germ cellfree translations were performed as described above, and contained 1,ug ofT7-generated activase mRNA per 40 /l of reaction mixture. Transport of rubisco activase into chloroplasts was determined essentially as described (17) .
RESULTS
Antisera Specificity. Anti-rubisco activase antibodies reacted specifically with two polypeptides present in leaf extracts of spinach, wild-type Arabidopsis, and all other higher plants examined (6) . These polypeptides were com- (Fig. 4) . To confirm the identity of the cDNA, a sample of coli protein extracts. One-half of the recombinant clones purified rubisco activase (6) was subjected to N-terminal produced immunoreactive rubisco activase fusion proteins sequence analysis. The predicted amino acid sequence from with apparent molecular masses nearly identical to rubisco the cDNA clone (residues 59-77 of the precursor polypepactivase isolated from spinach leaves (Fig. 3) . Further analytide) and the sequence of the first 19 amino acids from the sis by digestion with HindIII showed that the clones not N-terminal end of the purified protein, determined by Edproducing immunoreactive protein contained the cDNA in the man degradation, were identical. Also, the fusion protein opposite orientation relative to the lacZ promoter.
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TCTCTTAATTAGAGGGATTATTATTC CACTTCCTATACTTTGCCTATrTTTTTTCTTTTTTAATTTTTGTCTCGTTGC 1 GAGTTGTTTCTCCTCTAATTTTCTCTT   FIG. 4 . Nucleotide sequence of the 1.9-kb spinach rubisco activase cDNA. The preprotein is cleaved between amino acids 58 and 59 upon import into the chloroplast (indicated by the first arrow). Consensus nucleotide binding sites (19) are located at positions 163-170 and 218-227 (underlined). The amino acid sequence of the rubisco activase 1.6-kb cDNA (pRCA1.6) expressed in E. coli begins at position 30. The protein contains substituted amino acids in positions 30-40 as indicated in the lower line. The pRCA1.6 cDNA terminates translation after amino acid activase activity (J.M.W., J. M. Chatfield, and W.L.O., unpublished data). Inspection of the derived amino acid sequence of the spinach rubisco activase gene revealed two regions (amino acid residues 163-170 and 218-227) that share homology with the nucleotide binding domains identified in a variety of polypeptides from both animals and bacteria (19, 20) . The amino acid sequences of these regions were identical in the spinach and Arabidopsis cDNAs. These observations are consistent with an ATP requirement for rubisco activase-mediated activation of rubisco in vitro (7). The 1.6-kb cDNA was used as a hybridization probe to rescreen the spinach Agtll library for larger activase cDNAs. A 1.9-kb cDNA was recovered and common sequences were found to be identical with the 1.6-kb cDNA. The 1.9-kb cDNA also encoded the entire transit peptide and a portion of the 5' untranslated region of the activase mRNA. The nucleotide and derived amino acid sequences are given in Fig. 4 .
Presence of a Transit Polypeptide. Many chloroplast polypeptides are encoded by the plant nuclear genome, synthesized in the cytoplasm, and then imported into the chloroplast posttranslationally (21) . These proteins are characterized by the presence of a semiconserved N-terminal transit peptide sequence that is cleaved upon import into the plastid (22, 23) . The presence of a rubisco activase transit peptide was demonstrated by translating spinach and pea poly(A)+ mRNA in a wheat germ extract and then using the antirubisco activase ascites fluid to immunoprecipitate rubisco activase precursor polypeptides. The size of the immunoprecipitated rubisco activase precursor was =51 kDa on NaDodSO4/polyacrylamide gels for spinach (Fig. 5 ) and pea (data not shown).
To confirm that the 51-kDa polypeptide contained a functional transit sequence, the 1.9-kb rubisco activase cDNA was subcloned into a vector containing a T7 promoter and used to produce rubisco activase mRNA in vitro. This mRNA was then used to produce precursor polypeptides in a wheat germ translation system. The polypeptides produced from the cloned cDNA were identical in molecular mass to the polypeptides that were immunoprecipitated (Fig. 5) . In addition, when added to isolated chloroplasts, the 51-kDa polypeptide was imported and cleaved to yield a major polypeptide of 45 kDa and a minor polypeptide of 41 kDa. N-terminal sequence analysis of purified rubisco activase indicates the cleavage during transport occurs between the two alanine residues at positions 58 and 59 (Fig. 4) .
Arabidopsis cDNA Clones and the rca Mutation. Rubisco activase cDNA clones were isolated from an Arabidopsis wild-type cDNA library, constructed and screened in the same fashion as the spinach cDNA library. Of 1.25 x iOs plaques screened with spinach antisera, one reacted posi- Anti-rubisco activase antisera was then used to precipitate a 51-kDa polypeptide from the translation (lane 2). The immunoprecipitate is the same molecular mass as the polypeptide produced from mRNA generated in vitro from the 1.9-kb spinach activase cDNA (lane 3).
The 51-kDa precursor polypeptide, generated from a spinach cDNA clone, was imported into isolated chloroplasts and led to the appearance of both the 45-and 41-kDa polypeptides within the stroma (lane 4). The imported polypeptides are the same size as those observed in immunoblots of spinach leaf polypeptides (lane 5). Numbers on left are kDa.
tively and was found to harbor a 0.5-kb Arabidopsis cDNA insert. Sequence analysis of the Arabidopsis cDNA showed considerable similarity to the spinach cDNA at the amino acid level, while the third positions of the codons varied considerably between the two species (data not shown). Using this 0.5-kb cDNA as a hybridization probe, we recovered a 1.9-kb Arabidopsis wild-type cDNA and a 1.4-kb cDNA from a AgtlO cDNA library made from rca mutant mRNA.
The spinach and Arabidopsis activase cDNA clones were used as hybridization probes in RNA blot experiments to determine the size of the activase transcripts from a variety of plants and to explore the nature of the rca mutation in Arabidopsis (5). Poly(A)+ mRNA isolated from spinach, barley, pea, and Arabidopsis contained a single species of mRNA, -1.9 kb long, which hybridized to both the spinach or Arabidopsis cDNA clones. However, poly(A) + mRNA fractions isolated from the rca mutant of Arabidopsis contained two rubisco activase mRNA species, one 0.2 kb smaller and the other 0.2 kb larger than the authentic rubisco activase mRNA. This observation is consistent with the possibility that the rca mutation alters normal processing of the rubisco activase mRNA precursor.
DISCUSSION
Purified spinach rubisco activase preparations contain two immunologically related polypeptides of -41 and -45 kDa. The enzyme is initially synthesized as a 51-kDa precursor, and the 45-kDa polypeptide is the primary product after chloroplast import. A second processing event appears to occur after uptake, generating the 41-kDa species. The presence of two polypeptides may also be the result of susceptibility to proteolytic cleavage during extraction, but this explanation is unlikely since activity in vitro was associated with the smaller polypeptide (J.M.W., J. M. Chatfield, W.L.O., unpublished data). It has been observed that the relative ratios of the 41-and 45-kDa polypeptides vary greatly between plant species (6). The 41-kDa polypeptide is always prominent, but the amount of the 45-kDa polypeptide may approximately equal the 41-kDa polypeptide (spinach), be much reduced (barley), or be completely absent (maize). Within each species examined, the ratio of the polypeptides was always the same. No differences have been observed in the relative amounts of the two polypeptides during development or in response to light.
Several lines of evidence indicate that there is a single rubisco activase gene in spinach, Arabidopsis, and perhaps other plants. In Arabidopsis, the rca phenotype is inherited as a simple Mendelian trait (3, 5) . In both spinach and Arabidopsis, genomic Southern blot analysis revealed simple hybridization patterns (Fig. 2) . DNA sequencing of the 3' untranslated regions of several cDNA clones isolated from spinach and Arabidopsis revealed an invariant nucleotide sequence within each species (data not shown). Finally, both the 45-and 41-kDa rubisco activase polypeptides can be derived from a single molecular species of 51-kDa rubisco activase precursor (Fig. 4) . Although these observations do not preclude the existence of multiple structural genes encoding rubisco activase, they are consistent with a single gene hypothesis.
Comparing the derived amino acid sequence of rubisco activase (Fig. 4) with N-terminal amino acid sequences of the two mature polypeptides indicates that the molecule contains a transit peptide 58 amino acids long. After import and cleavage, the apparent size of the polypeptide is reduced by -6 kDa (Fig. 5 ). There are several nuclear-encoded chloroplast proteins for which transit peptide sequences are known. Within these precursors there appears to be a high degree of amino acid sequence conservation at the N terminus (22) . Less sequence similarity is evident at the sites of cleavage that form the mature polypeptides. The proteolytic processing site of the spinach rubisco activase transit peptide appears similar to the site of plastocyanin cleavage, in that both are cleaved between two alanine residues. However, the processing site in plastocyanin, a polypeptide associated with the inner thylakoid membrane, is directly preceded by a group of uncharged amino acids. These residues may be necessary to span the thylakoid membrane prior to translocation (23) . The rubisco activase precursor polypeptide sequence bears no resemblance to the plastocyanin precursor sequence in this region, as might be expected for a protein whose destination is the stromal compartment of the plastid. The site of cleavage of the rubisco activase transit peptide is preceded by a serine-and threonine-rich region, much like the rubisco small-subunit transit peptides (22, 23) .
Rubisco activase requires ATP for activity (7) (Fig. 6) well characterized for the human f-globin genes (25 (Fig. 2) .
The data presented here are consistent with previous observations and conclusions drawn from genetic and biochemical experiments with rubisco activase. The Arabidopsis rca mutation followed a single Mendelian inheritance pattern (3, 5) , and there is likely only one gene encoding this protein (Fig. 2) . The derived amino acid sequence from analysis of rubisco activase cDNA (Fig. 4) , together with partial N-terminal amino acid sequence of the mature polypeptides, has identified a 58-amino acid transit peptide. Thus, the protein is nuclear encoded, synthesized in the cytoplasm, and transported into the chloroplast as a 45-kDa polypeptide. Subsequent processing in the chloroplast yields a 41-kDa polypeptide (Fig. 5) , and it appears that only the 41-kDa polypeptide possesses activity. Little is presently known about the nature of the activity other than a requirement for ATP (7) . The deduced amino acid sequence (Fig. 4) identified two regions, which are suggested (19) to represent nucleotide-binding sites in ATP-utilizing enzymes. The reaction mechanism of rubisco activase and the role of ATP in this mechanism remain to be determined.
